The activity of the biotin-dependent enzyme pyruvate carboxylase from many organisms is highly regulated by the allosteric activator acetyl-CoA. A number of X-ray crystallographic structures of the native pyruvate carboxylase tetramer are now available for the enzyme from Rhizobium etli and Staphylococcus aureus. Although all of these structures show that intersubunit catalysis occurs, in the case of the R. etli enzyme, only two of the four subunits have the allosteric activator bound to them and are optimally configured for catalysis of the overall reaction. However, it is apparent that acetyl-CoA binding does not induce the observed asymmetrical tetramer conformation and it is likely that, under normal reaction conditions, all of the subunits have acetyl-CoA bound to them. Thus the activation of the enzyme by acetyl-CoA involves more subtle structural effects, one of which may be to facilitate the correct positioning of Arg 353 and biotin in the biotin carboxylase domain active site, thereby promoting biotin carboxylation and, at the same time, preventing abortive decarboxylation of carboxybiotin. It is also apparent from the crystal structures that there are allosteric interactions induced by acetyl-CoA binding in the pair of subunits not optimally configured for catalysis of the overall reaction.
Introduction
PC (pyruvate carboxylase) (EC 6.4.1.1), a key regulatory enzyme in intermediary metabolism, is a biotin-dependent enzyme that catalyses the synthesis of oxaloacetate from pyruvate to replenish TCA (tricarboxylic acid) cycle intermediates used for synthetic purposes, e.g. neurotransmitter synthesis or gluconeogenesis. PC is also important in the supply of NADPH for lipogenesis and the regulation of insulin secretion (for reviews, see [1] [2] [3] ).
The accepted reaction mechanism of PC is illustrated in Figure 1 which shows that bicarbonate is activated by phosphorylation, using MgATP, to form the intermediate carboxyphosphate in the BC (biotin carboxylase) domain active site. Carboxyphosphate then undergoes decarboxylation to form CO 2 , which carboxylates the biotin cofactor that is covalently bonded to the polypeptide chain of the enzyme via a lysine residue in the BCCP (biotin carboxyl carrier protein) domain. The carboxylation of biotin occurs at its N 1 -position, which has been deprotonated to form the biotin enolate, where the ureido oxygen is negatively charged and the N 1 -position is more nucleophilic. The carboxybiotin thus formed moves to the CT (carboxyltransferase) domain active site where the carboxy group is transferred to pyruvate to form oxaloacetate (for reviews, see [2, 4] ).
Apart from PCs from archaea and some bacteria that have an α 4 β 4 quaternary structure, most PCs have an α 4 structure with the BC, CT and BCCP domains arranged, in the listed order, from the N-terminus on a single polypeptide chain (Figure 2a) . Until quite recently, it was assumed that each subunit in the tetrameric enzyme operated independently of the other subunits, with the biotin prosthetic group of the subunit shuttling between the BC and CT domains of a single monomer. However, St. Maurice et al. [5] determined the first structure of a PC holoenzyme from Rhizobium etli and revealed that intersubunit catalysis occurs. Here, the biotin from one subunit is carboxylated in its own BC domain and then moves to the CT domain of its partner subunit to transfer its carboxy group to pyruvate (Figure 2b ). Later, Xiang and Tong [6] provided further structural evidence that intersubunit catalysis occurs in Staphylococcus aureus PC.
The PCs with an α 4 quaternary structure are commonly activated by acetyl-CoA, although the sensitivity and degree of activation by acetyl-CoA is highly dependent on the source of the enzyme [7] . Generally, increases in acetyl-CoA levels indicate the need for increased oxaloacetate synthesis to replenish TCA cycle intermediates or a diversion of pyruvate for glucose synthesis in gluconeogenic tissues.
Before the structures of PC were solved, the effects of acetyl-CoA on the quaternary structure of PC were determined from electron micrographs of the enzyme, gelfiltration chromatography or analytical ultracentrifugation analysis. These approaches showed that acetyl-CoA induces the enzyme to adopt a tight tetrahedron-like structure [8, 9] and stabilizes the tetrameric structure, preventing dissociation and loss of enzymic activity at low enzyme concentrations [10] [11] [12] . Kinetic experiments and experiments with chimaeric enzymes formed from components of the two yeast isoenzymes of PC, which have different responses to acetyl-CoA, examined the locus of action of acetylCoA. These experiments showed that the major locus of the activation of the enzyme by acetyl-CoA is in the BC domain and on the reactions occurring in this domain, i.e. MgATP cleavage and biotin carboxylation [13, 14] , and not in the CT domain or the transfer of biotin between domains [15] [16] [17] .
A detailed review of all aspects of the activation of PCs by acetyl-CoA, and acyl-CoAs in general, including the very early work from the 1960s and 1970s, can be found in [7] . The aim of the present paper is to highlight the recent work that has been undertaken to explore the relationship between the role of acetyl-CoA as an allosteric activator and the detailed molecular structure of the enzyme. This includes work that has been published since the review [7] and some preliminary unpublished data.
The structure of PC and the binding of acetyl-CoA
Since 2007, a number of holoenzyme structures have been published of PCs from both R. etli [5, 18] and S. aureus [6, 19, 20] . The first structure of a PC to be published was that of R. etli [5] which showed that the allosteric binding domain is divided into two segments in the amino acid sequence, the first between the BC and CT domains and the second between the CT and BCCP domains ( Figure 2a) . A second striking feature of the R. etli structure is the asymmetry of the tetramer, with only one pair of subunits optimally configured for the intersubunit catalysis described in the Introduction. It is to these subunits that ethyl-CoA (a non-hydrolysable activator analogue of acetyl-CoA) was bound, whereas the other subunits did not have ethyl-CoA in their allosteric binding domains. Intersubunit catalysis was demonstrated by the catalytic ability of hybrid tetramers, which comprised two types of enzyme subunit, each carrying a different mutation such that pure tetramers of each mutated enzyme were essentially incapable of catalysing the overall pyruvate carboxylation reaction [5] . One subunit was mutated so that it was not biotinylated, but had an active CT domain, and the other was mutated so that it had an inactive CT domain, but was biotinylated and could carboxylate its own biotin. Thus, wherever a heterodimer of these subunits was correctly positioned in the tetramer, one subunit could carboxylate its own biotin, and the carboxybiotin thus formed could be used to carboxylate pyruvate in its partner's CT domain. The asymmetrical structure of the tetramer suggests that the enzyme essentially exhibits half of the sites reactivity. What remains unclear is whether the pairs of active subunits alternate between catalytic cycles in a manner comparable with that of the homologous BC subunits from the related enzyme acetyl-CoA carboxylase [21, 22] . One immediate possibility for acetyl-CoA activation was evident from this structure, specifically that the binding of acetyl-CoA to one pair of subunits induces the adoption of a catalytically active conformation, leaving the other two subunits in a state of low catalytic competence and unable to bind acetyl-CoA. In this way, acetyl-CoA binding would promote the adoption of the asymmetrical structure of the tetramer at the same time as activating two subunits. However, the structure of S. aureus PC tetramer appeared symmetrical, even in the presence of acetyl-CoA [6, 19] , with all subunits having the cofactor bound. The tetramer of a truncated form of the human PC also adopts a more symmetrical conformation, similar to that of the S. aureus tetramer [6] . Later, however, detailed cryo-electron microscopic studies on the S. aureus enzyme in the presence of acetyl-CoA did show that there were local asymmetries between one pair of subunits and the other involving different conformations of the BC domains and positioning of the BCCP domain [20] .
Most recently, Lietzan et al. [18] have reported a structure for the R. etli enzyme, prepared in the absence of allosteric activators, which shows the same high degree of asymmetry in the enzymic tetramer as seen in the original structure of the enzyme [5] . Thus the activation of the enzyme by acetylCoA cannot be the result of large subunit rearrangements, as we originally proposed. The allosteric activation the enzyme by acetyl-CoA must therefore involve the induction of more subtle conformational changes in the enzyme. In addition, these data indicate that the symmetry of the PC tetramer is dependent on the source of the enzyme.
Stoichiometry of binding of acetyl-CoA and allosteric interactions within the enzymic tetramer
The structure of R. etli PC with ethyl-CoA bound [5] would suggest a stoichiometry of binding of acetyl-CoA-tetramer molecule of 2:1; however, this does not appear to be the case in S. aureus PC, where the stoichiometry is 4:1 [19] . The activation of R. etli PC by acetyl-CoA is co-operative, with a Hill coefficient of 2.6 (Figure 3a) , which indicates that, under these reaction conditions, the stoichiometry of binding of acetyl-CoA to the tetramer is greater than 2:1. We have been investigating the stoichiometry of acetyl-CoA binding to R. etli PC using isothermal titration calorimetry. Our preliminary data suggest that the stoichiometry of bound acetyl-CoA to the tetramer is 2:1 in the absence of any other substrates or cofactors (A. Adina-Zada and P.V. Attwood, unpublished work). However, the stoichiometry increases to 4:1 in the presence of free Mg 2 + , suggesting that, under normal reaction conditions, four acetyl-CoA molecules are bound per R. etli PC tetramer.
Recently, Adina-Zada et al. [23] found that, whereas TNP-ATP [2 ,3 -O-(2,4,6-trinitrophenyl)adenosine 5 -triphosphate], a fluorescent analogue of ATP, is neither a substrate nor a competitive inhibitor with respect to ATP in R. etli PC, but it is an activator that appears to be competitive with respect to acetyl-CoA (Figures 3b and 3c) . However, mutation of Arg 472 , a key residue involved in the binding of acetyl-CoA at its 5 α-phosphate (Figure 2e) , increased the K a for acetyl-CoA by a factor of 240, while having less than a 2-fold effect on the K a for activation of the enzyme by MgTNP-ATP [24] . This suggests that MgTNP-ATP is not binding at the allosteric binding sites on the enzyme. Rather, Adina-Zada et al. [23] proposed that the analogue is binding at the MgATP-binding sites on the pair of subunits not in the optimal catalytically active configuration. Support for this idea came from experiments where MgATP, in excess of catalytically saturating concentrations, produced co-operative activation of ATP cleavage [23] . Thus it is possible that there are negative allosteric interactions between the acetyl-CoA-binding sites and the nucleotide-binding sites on the pair of subunits not optimally configured for catalysis of the overall reaction. Decreasing the affinity of these binding sites for MgATP through the proposed negative allosteric interactions would thus reduce the occurrence of non-productive ATP cleavage. In support of this idea, in their study of nucleotide binding to chicken PC, Geeves et al. [24] found that acetyl-CoA reduced the overall affinity of the enzyme for MgFTP (Mg-formycin A-5 -triphosphate), a fluorescent analogue of MgATP, 3-fold.
Acetyl-CoA enhances the coupling between ATP cleavage and pyruvate carboxylation
Recently, Zeczycki et al. [25] showed that a major effect of acetyl-CoA in R. etli is to enhance the coupling of ATP cleavage in the BC domain with pyruvate carboxylation in the CT domain. At saturating concentrations of pyruvate 
, where k cat1 is the catalytic rate constant of the reaction in the absence of acetyl-CoA, k cat2 is the catalytic rate constant of the reaction in the presence of saturating acetyl-CoA, K a is the activation constant, h is the Hill coefficient of co-operativity, and A is the concentration of acetyl-CoA. 
Reproduced with permission from Adina-Zada, A., Hazra, R., Sereeruk, C., Jitrapakdee, S., Zeczycki in the presence of acetyl-CoA, the stoichiometry of these two processes was 1:1, but approximately 12-16:1 in the absence of the allosteric activator. At least part of the effect of acetyl-CoA in increasing the coupling between ATP cleavage and pyruvate carboxylation lies in enhancing the coupling between carboxyphosphate formation and biotin carboxylation in the BC domain, as demonstrated in presteady-state studies of ATP cleavage and biotin carboxylation in chicken PC [13] . Modelling of biotin in the active site of the BC domain of a subunit in a likely configuration for catalysis positions is such that the N 1 -position is adjacent to the bound HCO 3 − (well positioned for carboxylation). At the same time, Arg 353 is positioned to not only form a salt bridge with Glu 248 , but also interact with the ureido oxygen of biotin, thus promoting the deprotonation and enolization of biotin before carboxylation [18] (Figures 1 and 2f) . In addition, the interaction between Arg 353 and Glu 248 is thought to act to prevent the return of carboxybiotin into the BC active site, thereby reducing the amount of abortive decarboxylation [18, 26] . The results of Arg 353 mutagenesis experiments lend support to the catalytic and regulatory role of this highly flexible residue [26] . In those subunits not configured for catalytic activity and without acetyl-CoA bound, but with ATPγ S (adenosine 5 -[γ -thio]triphosphate) in the active site of the BC domain, Arg 353 points away from Glu 248 [5] . In their analysis of pre-steady-state studies of ATP cleavage and biotin carboxylation, Branson and Attwood [27] found evidence that acetyl-CoA promotes the binding of biotin in the BC domain active site. It is thus possible that acetyl-CoA binding facilitates the correct positioning of Arg 353 and the biotin relative to it, to promote biotin carboxylation. Thus the coupling between ATP cleavage and biotin carboxylation would be enhanced and thus so would coupling with pyruvate carboxylation. In the absence of acetyl-CoA, the lack of interactions between Arg 353 and Glu 248 would allow the return of the carboxybiotin into the active site of the BC domain, increasing the amount of abortive decarboxylation. The correct positioning of Arg 353 and biotin when acetylCoA is bound would provide, at least in part, an explanation for the increased coupling between ATP cleavage, biotin carboxylation and pyruvate carboxylation.
Concluding remarks
It was assumed that, once the overall structure of the PC tetramer had been determined, it would rapidly become apparent how acetyl-CoA allosterically activated the enzyme. In fact, the structures obtained and accompanying functional analyses have made it clear that the structure-function relationships existing within the enzyme are much more complex than had been previously envisaged. It is now apparent that we must be careful to consider how the enzymic tetramer acts as a whole with respect to binding substrates and effectors and overall catalytic activity, rather than considering each subunit as a complete enzyme operating independently of the others. This is especially the case when probing the effects of acetyl-CoA on the structure and activity of the enzyme. In spite of these complexities, the availability of a growing number of PC structures will greatly assist in our understanding of how the enzyme functions and how this function is controlled by acetyl-CoA. The structures we have currently have enabled us to begin to understand the allosteric control of PC and to better plan experiments that will further elucidate this process.
